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Expansive soils undergo high volume change due to cyclic swelling and 
shrinkage behavior during the wet and dry seasons. Thus, such problematic 
soils should be completely avoided or properly treated when encountered as 
subgrade materials. In the present study, the biomedical waste incinerator 
ash and lime combination was proposed to stabilize expansive soil. Particle 
size analysis, Atterberg limits, free-swell, compaction, unconfined com-
pression strength, and California bearing ratio tests were conducted on the 
natural soil and blended with 3%, 5%, 7%, 9%, and 11% biomedical waste 
incinerator ash (BWIA). The optimum content of BWIA was determined 
based on the free-swell test results. To further investigate the relative effec-
tiveness of the stabilizer, 2% and 3% lime were also added to the optimum 
soil-BWIA mixture and UCS and CBR tests were also conducted. In addi-
tion, scanning electron microscopy (SEM) tests for representative stabilized 
samples were also conducted to examine the changes in microfabrics and 
structural arrangements due to bonding. The addition of BWIA has a prom-
ising effect on the index properties and strength of the expansive soil. The 
strength of the expansive soil significantly increased when it was blended 
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1. Introduction
Expansive soils are problematic in nature and are not 
suitable for engineering. According to [1], engineering 
problems related to expansive soils have been investigated 
and reported in many countries, which comprise about 
3% of the world’s land area. Such kinds of soil are mostly 
found in the central part of Ethiopia following the major 
trunk roads from Addis Ababa-Ambo, Addis Ababa-Wol-
liso, Addis Ababa-Modjo, Addis Ababa-Gohatsion, and 
Addis Ababa-Debire Birhan [1]. Areas like Mekelle and 
Gambella are also covered by expansive soils [1]. These 
soils undergo high volume change due to the cyclic swell-
ing and shrinkage behavior in wet and dry seasons. Hence, 
it is necessary to solve the problems posed by expansive 
soils and prevent cracking of civil infrastructure [2-8] such 
as roads, railways, airfields, etc. This swelling and shrink-
age is mainly due to the presence of montmorillonite clay 
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minerals [9-11], which make the soil swell because of the 
infiltration of water during wet seasons and shrink due 
to the evaporation of water during dry seasons [12]. For 
this reason, civil infrastructure founded on it is no longer 
functional [9,12], but such soils are suitable for agriculture. 
Hence, there is a need to be excavated and then replaced 
by selected materials having better swelling and shrinkage 
properties and bearing capacities as well [13], or by modi-
fying the properties of the raw expansive soil mechanical-
ly without any chemical additives [14], or by blending with 
different pozzolanic additives [9]; called chemical stabili-
zation. When expansive soils are encountered on highway, 
railway, and airfield projects where there is no appropriate 
backfill (granular) material nearby, treating with different 
pozzolanic or cementitious materials (chemical stabili-
zation) is the most popular method used to enhance the 
physical, index, and mechanical properties of expansive 
clayey soils. It is also mostly considered to be the most eco-
nomical alternative measure to be taken by engineers [14,15].
Many researchers have conducted various studies on 
the stabilization of expansive soils using lime, cement, 
fly ash, etc. [6,9] to mitigate the problems behind expansive 
soils, and promising results have been obtained from the 
experimental results they conducted. Many researchers all 
over the world use lime and cement as traditional stabiliz-
ers [16]. But, in recent times, the focus of geotechnical en-
gineers has shifted to the utilization of different industrial 
and agricultural solid wastes (bi-products) in combination 
with hydrated lime to gain improved performance and 
manage wastes that may cause environmental pollution 
[16,17] such as bagasse ash [8,16,18], rice husk ash [19,20], pumice 
[1], etc. Based on the experimental results they obtained, 
those solid wastes blended with lime significantly im-
proved the engineering properties of expansive soils. In 
addition to these waste materials, there is also abundantly 
available solid waste generated from healthcare facilities 
which has an adverse impact on human beings and the en-
vironment as well; this is called biomedical waste.
Eight high-temperature medical waste incinerators are 
constructed in Ethiopia to incinerate (burn) biomedical 
wastes generated from different healthcare facilities. The 
one built-in Adama city has a burning capacity of 1000 kg 
per hour. Similar facilities constructed in Bahir Dar, Dessie, 
Jimma, Nekemte, Dire Dawa, Hawassa, and Mekelle have 
a burning capacity of 500 kg per hour. Those incineration 
plants can burn the waste up to 1200 ˚C and also use disin-
fectants to completely sterilize the toxic elements. Therefore, 
the incinerated medical waste ash is abundantly available and 
has no side effects for human beings and the environment. 
Since the technology is being adopted very soon, there is no 
research conducted by utilizing the incinerated ash for con-
crete production or as an expansive soil stabilizer. However, 
many researchers in other countries have investigated the ef-
fects of biomedical waste incinerator ash on the physical and 
mechanical properties of concrete [21-23], and also [24] studied 
the effect of incinerator ash on the properties of expansive 
soil and found that there is a reduction in swelling potential 
& cohesion (C), and an increase in angle of internal friction 
(ϕ) with an increase incinerator ash for concrete. The effect 
of incinerator ash on the swelling potential, cohesion and an-
gle of internal friction were studied, but other properties such 
as unconfined compressive strength and California bearing 
ratio were not addressed by the study. Because the strength 
of subgrade soil is represented by its California bearing ratio 
value, which is an important design parameter for flexible 
pavement. Similarly, this study aims at investigating the 
effect of biomedical waste incinerator ash (BWIA) on the en-
gineering properties of expansive soil, and also to investigate 
its relative effectiveness on the strength and microstructural 
properties with amendment of hydrated lime.
                  
                       (a)                                                                   (b)                                                               (c)
Figure 1. Materials used in the Study (a) soil, (b) BWIA and (c) lime
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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2. Materials and Methods
2.1 Materials
The materials used for the present study are Expansive 
Soil, Biomedical Waste Incinerator Ash (BWIA) and Hy-
drated lime (Figure 1). 
The expansive soil was obtained from the Kality-Mesh-
ualekiya road stretch, Akaki Kality sub-city, Addis Ababa, 
Ethiopia. The properties of this dark grey soil under inves-
tigation, are summarized in Table 1. The BWIA utilized 
for the study was obtained from Adama modern health-
care waste incineration center, which is located in the rift 
valley region of Ethiopia, while the lime was obtained 
from the Senkelie lime factory. The properties of BWIA 
and lime are listed in Table 2 and 3 respectively.
2.2 Methods
The research aims were achieved basically by per-
forming classification tests following the usual procedure 
mentioned in Table 1. Brief definitions of these tests are 
described hereunder.
Liquid Limit (LL)
The water content at which a soil specimen starts to 
behave as liquid, or it can also be defined as the moisture 
content at which a cohesive (clayey) soil changes from 
plastic to semi-liquid states. The liquid limit was deter-
mined in the laboratory by using the Casagrande appara-
tus following the clear procedure stated in [25].
Plastic Limit (PL)
The percentage of water content in a soil specimen at 
the interface between the plastic and semi-solid states. 
The plastic limit was determined by following the proce-
dure clearly stated in [25].
Plasticity Index (PI)
The percentage of moisture at which a soil behaves 
plastically. It is determined as the difference between the 
liquid limit and the plastic limit as shown below.
 (1)
Where:
PI = Plasticity index of a soil (%)
LL = Liquid limit (%)
PL = Plastic limit (%)
Shrinkage Limit (SL)
The smallest moisture content at which a soil can still 
be saturated, or the water content at which a soil specimen 
changes from semi-solid to solid states. It is calculated as 
the change in length divided by the initial length of the 




Li = The initial length of the specimen (mm)
Lf = The final length of the specimen after the water 
content is reduced to the shrinkage limit (mm)
= Linear shrinkage (%)
Free-Swell Index (FSI)
The increase (expansion) in volume of a soil sub-
merged in water without the application of external loads. 
It is calculated as the ratio of the difference in volume of 
the soil submerged in water and kerosene to that of the 
volume of the soil in kerosene as shown in Equation 3.
 (3)
Where:
FSI = Free-swell index of the soil (%)
Vw = Volume of a soil in distilled water after 24 hours 
(ml)
Vk = Volume of a soil after 24 hours submerged in ker-
osene (ml)
The area where the soil sample has been taken is 
known for its expansiveness as has been investigated ear-
lier [1]. Consequently, a single test pit has been used for the 
purpose of investigating the effectiveness of the proposed 
stabilizer, namely, the biomedical waste incinerator ash on 
the index and engineering properties of the original soil. 
The following laboratory tests were conducted on the 
raw expansive soil, blended with 3%, 5%, 7%, 9%, and 
11% of BWIA, and the optimum soil-BWIA mixture (soil 
+ 9% BWIA) amended with 2% and 3% of hydrated lime. 
All the tests were conducted as per the corresponding 
standards listed and references (cited) in Table 1.
Table 1. Laboratory tests conducted for the study
Laboratory tests Standards Used Reference (cited)
(i)  Particle size Analysis ASTM D 422 - 63 [26]
(ii)  Specific Gravity ASTM D 854 - 98 [27]
(iii)  Free-Swell Index IS: 2720 (Part XL) [28]
(iv)  Atterberg Limits ASTM D 4318 - 98 [25]
(v)  Compaction ASTM D 698 - 91 [29]
(vi)  UCS  ASTM D 2166 - 98a [30]
(vii)  CBR ASTM D 1883 - 99 [31]
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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Scanning Electron Microscopy (SEM) test
The morphology and bonding (interlocking) of clay 
minerals as a result of a chemical reaction with other ma-
terials (stabilizers) can be more readily seen using scan-
ning electron microscopy than with any other technique. 
The microstructural properties of the raw expansive soil 
and the optimum mixture (soil + 9% BWIA) blended with 
3% lime cured for seven days were investigated using 
SEM at the microbiology laboratory of Adama Science 
and Technology University, Adama, Ethiopia. The failed 
UCS samples for both mixtures were powdered and sieved to 
get a sample passing 150 µm sieve, which can be easily in-
vestigated by the SEM machine. A JCM-6000 PLUS Bench 
Top SEM JEOL machine was used to conduct the test.
(a)
(b)
Figure 2. (a) Powdered sample for the SEM test finer than 
150 microns, (b) SEM Machine
3. Discussion of Results
The results (findings) of the study are promising and 
will be used as an indication to develop a guideline for the 
field application. It is recommended that a standard for the 
BWIA stabilization of expansive soils should be devel-
oped by taking representative samples (greater number) at 
different locations where such types of soil exist and con-
ducting extensive laboratory and field tests. 
A summary of the results of the laboratory investiga-
tions performed on the natural soil are summarized in 
Table 2. It is thus clearly visible that the soil is highly ex-
pansive and weak.
Table 2. Characteristics of the expansive soil
Properties Soil Sample
Natural Moisture Content (%) 46.22
Specific gravity 2.7
% Passing No.200 sieve 94.32
LL (%) 103.74
PL (%) 45.57
Plasticity Index (%) 58.18
Shrinkage Limit (%) 26
USCS CH
AASHTO classification A-7-5 (20)
OMC (%) 33
MDD (g/cc) 1.52
Free-Swell Index (%) 100
Activity (A) 1.28 active
UCS (kPa) 27.31
CBR-Swell (%) 9.33
Soaked CBR (%) 2.3
Figure 3. Particle size distribution curve
The complete silicate laboratory results (chemical com-
positions) of biomedical waste incinerator ash and lime 
are summarized in Table 3 and 4, respectively.
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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Table 3. Chemical compositions of BWIA
Compound Present (%) Compound Present (%)
SiO2 37.96 K2O 1.02
Al2O3 14.11 MnO 0.08
Fe2O3 1.12 P2O5 0.75
CaO 28.86 TiO2 0.49
MgO 4.1 H2O 2.61
Na2O 1.94 L.O. I 6.93
Table 4. Chemical compositions of lime
Compound Present (%) Compound Present (%)
SiO2 6.21 K2O 0.79
Al2O3 2.18 MnO 0.28
Fe2O3 3.57 P2O5 0.21




BWIA is an intermediate material that has a good per-
centage of both oxides of silicon and calcium. According 
to the [32] specification of the chemical composition of fly 
ash, the material’s major oxide composition (SiO2 + Fe2O3 
+ Al2O3) is equal to 53.19%, which is greater than the 
minimum requirement of 50%. Thus, BWIA satisfies the 
criteria of class C fly ash pozzolanic material. So, it can 
enhance the strength of the soil by forming the compounds 
of calcium silicate hydrate (CSH) and calcium aluminate 
hydrate (CAH). These compounds flocculate the clay par-
ticles in a soil mass by creating a bond with each other.
The complete silicate laboratory results confirmed that 
the two materials BWIA and lime have good composi-
tions of the two oxides (an indicator of their stabilizing 
potential) needed for the stabilization of expansive soil 
for engineering purposes. This was verified by the follow-
ing test results and especially by the Scanning Electron 
Microscopy (SEM) test results in which the effect is well 
demonstrated as shown by the micrographs in Figure 10.
3.1 Effect of BWIA on Atterberg Limits
The addition of BWIA has a promising result on the 
Atterberg limits of the highly expansive soil. 
As can be seen from Table 5, with every 2% increment 
of BWIA stabilizer, a significant decrease in liquid limit 
and hence plasticity index is observed to decrease signifi-
cantly, indicating the stabilizing potential of the industrial 
waste. The main reason behind the decrease in the liquid 
limit and plasticity index is due to the percentage replace-
ment of clay particles in the highly expansive soil by the 
BWIA, which reduces the water affinity of clay particles. 
Thus, the plasticity index kept on decreasing for all mix-
tures. Since BWIA has a linear shrinkage of 0%, the ad-
dition of 11% BWIA reduced the shrinkage of the highly 
expansive soil by 50%. The BWIA sample didn’t show 
any shrinkage after it was kept for 24 hours in an oven. 
The BWIA sample didn’t show any shrinkage after it was 
kept for 24 hours in an oven.















0 103.74 45.57 58.18 26
3 100.11 47.84 52.27 21
5 93.92 48.62 45.30 20
7 90.63 52.06 38.57 18
9 86.6 58.88 27.72 16
11 84.92 60.06 24.86 13
3.2 Effect of BWIA on Swelling Potential
The stabilizing potential of the BWIA is further demon-
strated by the significant reduction of the free - swell in-
dex test results, that are summarized in Figure 4.
Figure 4. Variation of free-swell index
Figure 4 shows the free swell-well index (FSI) is kept 
on decreasing up to 9% BWIA and a little bit increasing 
(nearly constant) for the last percentage (11%) of BWIA. 
Therefore, 9% BWIA could be the optimum content to 
stabilize the highly expansive soil. The addition of 9% 
BWIA reduces the FSI by 66.67%.
3.3 Effect of BWIA on the Moisture-Density Rela-
tionship
The variation of optimum moisture content and maxi-
mum dry density with the addition of BWIA are shown in 
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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Figure 5 (a) and (b) respectively. The addition of BWIA 
has increased the optimum moisture content and decreased 
the maximum dry density. The increase in moisture con-
tent is obviously due to the pozzolanic reaction process 
and percentage replacement of clay particles by the BWIA 
(finer mater) that the soil-BWIA mixture needs more wa-
ter to get the desired dry density. Thus, the dry density 
kept on decreasing. The decrease in density is because the 
density of BWIA (2.44) is lower than the density of the 
soil (2.7).
3.4 Effect of BWIA and Lime on UCS
The potential effectiveness of the BWIA is also demon-
strated by the significant improvement in the unconfined 
compressive strength test results of both uncured and 7 
days cured specimens, that shown in Figure 6, 7 and 8.
As can be inferred from Figure 6, the unconfined com-
pressive strength of the soil is kept on increasing up to 9% 
of BWIA, but for the BWIA content greater than 9%, it is 
slightly reduced, Therefore, 9% BWIA could be the opti-
mum percentage that can achieve the highest compressive 
strength of the highly expansive soil. In order to further 
investigate the strength of the soil, a hydrated lime of 2% 
and 3% were added to the optimum uncured and 7 days 
cured expansive soil + 9% BWIA mixture and the results 
are shown in Figure 7 and 8.
Figure 7 shows the UCS of the stabilized expansive soil 
with the optimum content of BWIA (9%) was slightly in-
creased for both dosages of lime. The UCS was increased 
by 13.5% and 16.7% when there was an amendment of 
2% and 3% hydrated lime, respectively. The increment is 
not significant because the hydration process needs more 
curing time to gain the desired strength. This was verified 
when the specimen was cured for seven days and the re-
sults are as shown in Figure 8. 
Figure 5. Effect of BWIA on (a) OMC and (b) MDD
Figure 6. Effect of BWIA on UCS
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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In Figure 8, the seven-day cured UCS of the BWIA-
lime stabilized soil was significantly increased by 22.77%, 
32.26%, and 37.81% for 9% BWIA, 9% BWIA + 2% 
lime, and 9% BWIA + 3% lime mixtures, respectively. The 
strength of the soil significantly increased from 27.31 kPa 
UCS of the untreated soil to 140.69 kPa of the soil treated 
with 9% BWIA and 3% lime cured for seven days. This is 
mainly due to the silica and calcium oxides contained in the 
BWIA and lime can produce compounds such as calcium 
silicate hydrate (CSH) and calcium aluminate hydrate (CAH) 
which are responsible for the strength improvement of the soil.
3.5 Effect of BWIA and Lime on CBR
In addition to the above parameters, the BWIA effect 
is also demonstrated by the improvement of the CBR test 
results. The CBR value of the soil improved when it was 
blended with the optimum content of BWIA. Also, there 
was a significant improvement when 2% and 3% lime 
were amended.



















Figure 9. Variation of CBR
Figure 9 shows the CBR of the soil is increased by 
121.74%, 295.65%, and 386.96% when it was treated 
Figure 7. Effect of BWIA and lime on UCS
Figure 8. Variation of UCS for uncured and 7 days cured specimens
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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with 9% BWIA, 9% BWIA + 2% lime, and 9% BWIA + 
3% lime, respectively. Thus, a small amount of lime has a 
significant role in the strength of the expansive soil blend-
ed with the optimum content of BWIA. The results of the 
experiments showed and confirmed that the soil stabilized 
with the optimum content of BWIA and with an amend-
ment of 2% and 3% lime is suitable for road subgrade 
material as per the specifications of the Ethiopian Roads 
Authority (ERA) pavement design manual (2013).
3.6 Scanning Electron Microscopy (SEM) Results
The codes MR-49 and MR-59 at the left bottom of 
the pictures represent the raw expansive soil and the soil 
blended with BWIA and lime. As can be inferred in Fig-
ure 10 (a and b), the raw expansive soil shows a dispersed 
and scattered type of fabric and less interlock and bond 
between particles having an opened (floated) arrangement 
of layered structure. But, when it was blended with BWIA 
and lime, the negatively charged clay surface attracted the 
cations in the additives and a more flocculated and aggre-
gated structure is shown in Figure 10 (c and d), and the 
particles act as a homogeneous mass with no holes in be-
tween. This is mainly due to the formation of cementitious 
compounds. 
4. Conclusions
The present study has focused on the stabilization of 
expansive soils using industrial waste called biomedical 
waste incinerator ash (BWIA). The soil is classified as CH 
and A-7-5 (20) as per the USCS and AASHTO classifica-
tion systems respectively, which is a typical indicator of 
highly expansive soil that is of poor quality to be used as 
a road subgrade material. The stabilizing behavior of the 
BWIA was demonstrated by the significant reduction of 
the free-swell index; a 66.7% decrease was obtained when 
the subgrade was blended with 9% of BWIA. The addition 
of BWIA has also significantly increased the UCS and 
CBR of the soil. This is because of the formation of floc-
culated structures as a result of bonding between the neg-
atively charged clay surfaces with cations present in the 
              
(a) 200 µm, х100                                                                      (b) 20 µm, х1000
              
(c) 200 µm, х100                                                                     (d) 20 µm, х100
Figure 10. Scanning Electron micrographs of (a&b) raw expansive soil, (c&d) expansive soil blended with 9 % BWIA 
and 3 % lime at different size and magnification rates
DOI: https://doi.org/10.30564/jmser.v4i2.3707
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BWIA and lime. The UCS increased significantly with the 
addition of BWIA, up to about 9% by weight. Doubling 
and tripling the strength of the original subgrade material 
was observed for uncured and 7 days cured specimens at 
this optimal addition of the stabilizer. Thus, 9% BWIA is 
said to be the optimum content required to stabilize the 
expansive soil. Likewise, the CBR value also increased by 
121.74% when it was treated with the optimum content of 
the stabilizer.
A significant improvement in the UCS (7 days cured) 
and CBR were demonstrated when the soil was treated 
with 9% of BWIA amended by 2% and 3% hydrated lime. 
The UCS and CBR were increased from 27.31 kPa and 
2.3% to 140.69 kPa (cured for 7 days) and 11.2%, respec-
tively when the optimum BWIA was amended by 3% 
lime. 
The morphology and fabric of the control specimen 
were changed when the soil was blended with BWIA and 
lime. The raw expansive soil is dispersed (non-flocculated) 
fine particles with an open arrangement, but it became a 
homogeneous and flocculated structure when it was treat-
ed with 9% BWIA and 3% lime.
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